Abstract-In this paper, a novel approach is attained to the design of low profile antenna structures with wire dipoles and multiband operation. The aim is achieved by utilization of non-uniform Electromagnetic Band Gap (EBG) lattices as reflectors, and this potential comes to be added to the total of special capabilities of this type of Artificial Magnetic Conductors (AMC). It is proved that a properly designed EBG of this type can resonate at more than one frequency and is capable to drive, inside these bands, the dipole to higher order modes of operation besides its basic one. The resulting hybrid radiator apart from its multiband operation exhibits high gain that reaches the value of 9.6 dB, satisfactory Mean Effective Gain (MEG) and very low correlation coefficients, much less than 0.1, between the signals at the input of the dipoles in the case that the radiator is configured as an antenna array. The study of these quantities was performed using the signal characteristics of a real mobile communication environment along with the hybrid antenna properties of operation. The presented analytical results show that the designed radiators are competitive to the classical microstrip ones and can be effectively used in modern wireless communication networks, incorporated either into stationary or into mobile units.
INTRODUCTION
Modern-age wireless/mobile networks are required to offer a great variety of communication services, and consequently they have to operate at multiple frequency bands. The devices, mobile or not, which serve such systems, are products of high technology, designed to operate in accordance to communication protocols used. The antennas, incorporated into this equipment and generally into large systems as the base stations of communication networks, being the units which transform the processed communication signals from currents to radiated waves, are crucial for the correct and efficient operation of the entire network. However, their design is not an easy task. Ordinary requirements that they have to meet are multiband operation, high gain and efficiency, satisfactory MEG, low correlation coefficient between the signal channels of the array elements in the case of Multiple Input Multiple Output (MIMO) applications, etc. All these attributes have to be ensured usually with compact antennas with small size and low profile.
The most popular type of antennas with the above attributes are microstrip or printed antennas, and a great variety of methods for design and incorporating them into modern devices have been proposed in the literature. All of these methods lead to radiating schemes with effective operation. An alternative antenna type, suitable for modern applications, is classical linear wire dipole which is superior to the microstrip ones regarding the much higher power level that can handle but lacks in other features as size, not low profile when combined with a reflector, single frequency band of operation, relatively low gain, etc. However, recently novel and efficient techniques to design wire dipole antenna structures, with very low profile, controllable and perhaps high gain, and some other attributes of operation suitable for mobile networking, have been proposed by researchers. A major category of them includes hybrid systems composed of dipoles the operation of which is enhanced by EBG lattices positioned in close proximity to them. In accordance to the literature, hybrid 'antenna-EBG' structures would have gain and frequency bandwidth larger than that of simple antennas, specific radiation patterns regarding the space distribution of the radiated power, satisfactory Front-to Back Ratio, etc, and at the same time be miniaturized and of very low profile [1] [2] [3] [4] [5] [6] . Additionally, attributes as polarization diversity, sufficient MEG and reduction of mutual coupling between the antenna array elements could be obtained, thus being attractive to modern applications [7] [8] [9] [10] [11] [12] . Recently, a novel configuration for EBG lattices has been proposed in the literature. It differs from the ordinary one, as the usual EBGs are periodic configurations of identical printed patches while the new EBG lattice is non-uniform, namely is not periodic, as composed of patches non-identical, with size gradually reduced via a specific scaling factor. They were initially applied to beam tilting of base station antennas [13] , antenna beam steering [14] or realizing flat parabola antennas [15] . Further investigation proved that this EBG type was more robust than the classical one, in the enhancement of antennas' characteristics of operation. In [16] [17] [18] [19] , it was found that when EBGs were combined with simple linear dipoles, positioned very close to the EBG, antenna arrays with high gain are obtained, at the frequency of resonance. It was also shown that the values of these indices are more satisfactory than the respective ones of dipole arrays without any reflector, or when a Perfect Electric Conductor (PEC) or a uniform EBG surface is used as a reflector.
In the present work, the effect of a non-uniform EBG structure on the operation of a wire dipole is approached by another way and for another scope. It is studied if the EBG could drive the wire dipole to multiband operation. Several techniques to this aim obtained are found in the literature, especially for printed dipoles. To drive this antenna type at multi-frequency operation is easier than to do it in the case of a wire dipole, as the designer has the potential to suitably configure printed element's shape for example fractaly, or to incorporate into them metamaterial elements [20] [21] [22] [23] [24] [25] [26] [27] [28] thus obtaining simultaneously compact antennas with low profile. In the work at hand in accordance to the scope of utilizing wire dipoles performing at more than one frequency bands, the problem's solution was given by employing a planar nonuniform EBG in close proximity to the dipoles. The EBG lattice although operates as a passive reflecting scheme, without being fed, is substantially driven inductively by the dipoles, and if it is properly designed to resonate at specific frequencies it will in turn be capable to drive the dipoles in a type of resonance at these frequencies. These resonances do not appear in the absence of the EBG lattice as they do not result from the dipoles' length. Thus the hybrid arrangement dipoles-nonuniform EBG will work as a low profile multi-band radiating scheme with potentially specific operation features and being perhaps a good choice for modern applications. This potential is investigated in the present work and proved to be feasible.
THE ATTRIBUTES OF NON-UNIFORM EBGS
The EBG lattices, termed also as High Impedance Surfaces (HIS), are classified to the group of Artificial Magnetic Conductors and have gained significant attention in last decades in the designing of antennas and more generally at microwave systems as the EBG lattices will efficiently enhance the performance of antennas and microwave systems [29] [30] [31] [32] . Their positive contribution to the advanced operation of these systems is due to their two important properties: their ability to present high impedance to a localized source or plane wave impinging onto their surface as well as the exhibition of a surface wave band-gap that prevents the wave propagation through their structure. The EBGs are usually designed such that both the above properties exist over the same frequency band even if only one of them is exploited in a specific application. The classical configuration of the EBG lattice is of mushroom type [33] composed of periodically arranged identical patches conductively connected via thin metallic pins (vias) to ground metallic sheet and a dielectric layer between the patches and the ground thus constituting a microstrip structure ( Fig. 1(a) ).
The specific structuring of ordinary EBG lattices differentiates their behavior to the incident waves, from that of a (PEC), causing reflection phase of 0 • at the specific frequency band, for which it they are designed, instead of the 180 • reflection caused by the PEC. Namely they perform as AMC. In detail, the AMC's reflection phase varies continuously from +180 • to −180 • , through 0 • at the surface's frequency of resonance [29] . Due to these reflection attributes when a wire dipole antenna is positioned in front of PEC and the distance PEC-dipole equal to λ/4, the optimal operation is obtained, in order to balance the 180 • reflection phase. In contrast, when EBG is used, the distance EBG-dipole needs to be very small, due to the almost zero reflection phase. In this way, very low profile antenna structures will be designed.
(a) (b) (c) Figure 1 . Profile of (a) uniform and (b) non-uniform EBG lattice and (c) the mechanism of reflection from the non-uniform that would lead to focusing of the reflected rays.
The non-uniform EBG results from the ordinary one, with identical patches, by modifying the size of the patches and their inter-distances via gradient factors [16] [17] [18] [19] . Such a configuration is depicted in Fig. 1(b) at which six patches gradually shortened, along with their mirrors with respect to the middle of the arrangement, are illustrated. The side-lengths of mth and (m + 1)th patches are related by a scale factor s, as s = L m /L m+1 , while the distance g between adjacent patches changes also gradually from cell to cell by the factor g s as g s = g m /g m+1 . This texturing of the EBG surface, in contrast to the uniform EBG, results in surface impedance, Z s , variation from point to point on the lattice, which in turn leads to a gradually varying reflection phase of an impinging wave at the point of incidence, e.g., the reflection phase at the mth cell is calculated by the formula φ m = Im{ln((Z sm − Z 0 )(Z sm + Z 0 ) −1 )}, where Z 0 is the wave impedance in the dielectric layer above the lattice [29] . All these results lend to the non-uniform lattice, special attributes making it superior to the uniform one. In accordance with the Snell' s law, a plane wave perpendicularly impinging to a PEC is reflected perpendicularly to the surface because the reflection phase at any surface point is 180 • . If the reflecting surface is textured by the way described above, the directions of the reflected rays are not perpendicular to the surface, as the reflection phase has no equal values at all surface' s points. For example, at the mth cell it is calculated by θ r m = sin
where Δx m,m+1 is the space between the middles of the mth and (m + 1)th patches. An interesting exploitation of this attribute is a proper tuning of s and g s to a desired θ r m at any surface point be obtained. This gradual variation will cause focusing of the reflected rays at a distance z f ( Fig. 1(c) ) above the surface, if Eq. (1) is valid [18] . In this equation, x m stands for the distance of the mth cell's middle from the middle of the array.
THE EXPLOITATION OF NON-UNIFORM EBGS' PERFORMANCE

Multi-Frequency EBG-Dipole Schemes
The described mechanism of reflection at the non-uniform EBGs tends to direct the reflected rays towards the middle of the focusing EBG area. It has been proved that this fact positively influences the electromagnetic performance of a hybrid antenna array, composed of linear dipoles located over the middle of focusing areas, by two ways a) the electromagnetic energy interchange between the dipoles, is reduced resulting in small coupling between them and b) the focusing of energy will yield higher gain values of the antenna schemes [16] [17] [18] [19] .
In the present work, a new investigation is carried out with aim at additional properties of this type of hybrid schemes to be found. Particularly, the possibility of the radiator to be driven at multifrequency operation without any new element to be added to it is examined. The synthesized and studied structure is depicted in Fig. 2 . The non-uniform EBG lattice is composed of 9 rows, each one of them having 6 patches and their mirrors, thus totally 12 elements per row. The patches from 1 to 6 ( Fig. 1(c) ) are gradually shortened in accordance to the theory of the previous section. The size and inter-distances of the rest five out of six patches are calculated by properly selecting factors s and g s . Although the phenomenon of focusing exists and is expected to enhance the performance of the hybrid antenna, the mathematical equations of Section 2 are not adequate to determine accurately the values of the geometrical parameters of the EBG as, a) the dipole, positioned above and very close to the EBG's surface, strongly interacts with the lattice and b) the requirement of the design is the focusing area of the 9 × 12 patches to resonate at more than one frequency band. So, the entire problem is complex and multi-parametric, and a global handling of the parameter values is necessary. The steps of the design are presented in detail at a following point of the section, next to the analysis of the electromagnetic behavior of the EBG focusing area. For this purpose and given that in the case of antenna arrays of N elements, N such focusing areas, one next to the other, will be used, and each one of them considered as a unit cell of a periodic array of similar focusing cells. So, each focusing area-cell is considered to have two ports as shown in Fig. 2(c) , and for its electromagnetic performance analysis, the theory of periodic structures is applied no matter whether the interior of the cells is non periodic as composed of the non-identical EBG patches. In accordance to the theory, the transfer parameters A, B, C, D of the nth unit cell relate the 'input port' n, with the respective output port (n + 1)th, that is simultaneously the input of the next cell. So, the voltage and current at the nth terminal differ from the respective ones of the n + 1 terminal by the propagation factor e −γd . The constant γ is a complex number and constitutes an equivalent propagation coefficient which comes just from the quantitative relation between the voltages and current between the terminals and not being the actual propagation constant of the signal-wave in the interior of the cell. These interrelations are mathematically described by V n+1 = V n e −γd , I n+1 = I n e −γd . In accordance to the theory of periodic structures [34] where β(f ) is the phase constant and physically defined as β(f ) = ω/v φ , with v φ being the phase velocity. Zero value of β(f ) at specific frequencies means no signal propagation between the ports. In the case of EBG cells, these zeros coincide with the frequencies of resonance of the focusing area-cell and the performance of it as an AMC. Inside these frequency bands it will be expected that a dipole, positioned very close to the lattice and strongly interacting with it, will be driven in multi-frequency performance.
The performance of the EBG as a two-port network is found via simulation, with a high frequency electromagnetic solver, by which the scattering coefficients S ij between the cell ports are calculated, and in turn these values are used for the calculation of the A and D parameters. The estimation of β(f ) is done by utilization of the equation, mentioned previously, which relates it with the A and D parameters. From the equation and via some mathematical manipulations, the formula of Eq. (2) is resulted
where
The parameters A and D are calculated directly by the simulated S ij (f ) values and via the mathematical types [34] :
In accordance to the entire preceded theoretical analysis, the steps of the design are summarized as:
1. It is considered that the lattice is embedded inside a dielectric layer with parameters h s and ε rs and covered by another dielectric layer of parameters h c and ε rc. . The values of the parameters are depicted in Table 1 and not changed during the design steps.
2. The side length of the largest among the half dozen patches is calculated in order to resonate around 2 GHz, and initial values for the scale coefficients s and g s are selected for the evaluation of the size of the rest patches. The calculation is performed using the selected ε rs , ε rc and the theory in [29] .
3. A wire dipole with initial length dip = λ/2 at 2 GHz (in free space) is positioned in parallel to the lattice, at distance h d above the middle of focusing cell ( Fig. 2(a) ).
4. For the selected set of parameter values, two simulations are conducted both with the electromagnetic solver software. One, considering the dipole present but not fed and with two excitation ports, is shown as in Fig. 2(c) , and the second one, considering only one feeding port at the input of the dipole. The first simulation gives the values of S ij (f ) between the ports, which in turn are used for the calculation of β(f ), via Eq. (2), and the determination of the frequencies at which it gets zero. The second simulation provides the variation of S i (f ) at the input of the dipole and at the same time the gain of the hybrid antenna.
5. The values of size and inter-distance of the EBG patches governed by s and g s , the dip and h d are changed through a large number of iterations, and the two simulations are run for every parameter set. The target is to obtain simultaneously a) multiband performance of the EBG, without failing one of them around 2 GHz (UMTS band) and another inside the band of 5-6 GHz (High WiMAX), no matter where the rest of the bands are (if they appear) and b) multiband behavior of the dipole, ascertained by S i (f ), two of them being also at 2 GHz and 5-6 GHz and no matter how many and where other bands of operation will possibly appear.
By the above process it is expected that the best solution found combines multiband operation and focusing which is made sure by high gain values. The most satisfactory solution found is the hybrid antenna with the characteristics presented in Table 1 .
The variation of β(f ) versus frequency of the EBG focusing area-cell (Table 1) , as calculated by Eq. (2), is depicted in Fig. 3 . It is ascertained that zeroing of β(f ) occurs at 1.99 GHz, 3 GHz, 3.9 GHz and 5.1 GHz. At these frequencies, resonance performance of the EBG and consequently potential exciting of the dipole are expected. This prediction is verified by simulation of the hybrid radiator via the electromagnetic solver software, and the results are presented in Fig. 4 . In Fig. 4(a) , the variation of scattering coefficient of the signal at the feeding input of the dipole is depicted for the same structure. For comparison, respective results, received via simulation for half wavelength dipoles in free space and in front of PEC reflector, are also presented. In all three cases, the dipole's length is approximately λ/2, as proper variations of the typical value are made in order for the dipole to resonate. The results show that the dipole has three clear resonances around the frequencies 2.03 GHz, 3.98 GHz and 5.045 GHz, which match the results of Fig. 2 very well as these are three out of the four frequencies of β(f ) zeroing. Regarding 3 GHz, at which β(f ) also tends to zero, the dipole seems to not respond to the EBG's resonance. Instead, it has a pseudo-resonance at ∼ 2.6 GHz. It is also clearly shown that both the dipole in free space and that in front of PEC have just one resonance at 2 GHz coming from the dipole's length. The results of Fig. 4(b) illustrate the performance of the dipole in front of the non-uniform EBG (Table 1) ; however, for three different thickness values of cover dielectric layer, with intention to assess the impact of this parameter on the multi-frequency operation of the entire scheme. It is concluded that this parameter is crucial for both the number and the values of resonance frequencies. At the most thin layer about two resonances between 2 GHz and 2.5 GHz appear, while the scheme with the 1.92 mm cover layer exhibits one resonance around 2 GHz and two additional ones at frequencies different from those of the scheme with the 1.28 mm cover layer. It is also observed that all three hybrid radiators have a resonance around 2 GHz. From all the above results, it is concluded that at this frequency the basic operation mode of the dipole appears. This mode exists with or without the presence of the EBG, due to the dipole's length. The other two resonances (Fig. 4(a) ), at the higher frequencies, correspond to new operation modes driven by the EBG. To explain this performance, we have to take into account that when the dipole operates in free space, just fed in the middle of its λ/2 length, the well-known basic current mode is excited. When it is also fed at the same point, but operates very close to the non-uniform EBG reflector, its current distribution depends not only on its own feeding but also on the power reradiated by the EBG. This interchange of energy constitutes a coupling phenomenon which becomes intense at the EBG's resonances and drives the entire antenna to a performance that will be Table 1 , in front of PEC and of a single dipole and (b) for the scheme of Table 1 with three different dielectric covers. termed as higher order operation mode. The results of Fig. 4(a) validate the response of the dipole to the EBG resonances, for all that it has not the length required for resonance at the respective frequencies in the case of free space. It has also to be pointed out that the sensitivity of the hybrid radiator to the thickness of cover dielectric layer may be considered as an advantage, being an easy way to shift the resonances at bands required from the relative application. Indicative 3D gain patterns of the scheme at the resonances are depicted in Fig. 5 . It is shown that the radiator has gain much greater than that of a single dipole depending on the frequency and reaching 9.6 dB. It is also pointed out that the radiated power does not come only from the dipole. For all that the lattice is a passive scheme, and the dipole is the unique directly fed element. The EBG accepts radiated energy from the dipole, at the frequencies at which the resonated energy is maximized, and the lattice, being substantially a reflector, also radiates. So, what is shown at the 3D patterns is the global radiation of all the hybrid antenna parts. That is why the gain is enhanced However, this gain index concerns emission or reception of signals of stationary transmitters or receivers. In order for the designed radiator to be useful in contemporary applications as the mobile communication networks, its performance has to be examined in the real environments of this type, at which the characteristics of the propagating signals are of statistical nature. So, instead of the ordinary gain the MEG of the scheme has to be assessed. Another parameter crucial for the effectiveness of the system which the radiator serves, especially in the case of a MIMO one, is the correlation coefficient between the signals at the input of dipoles of the hybrid array. In the work at hand, both these quantities are calculated as function of the parameters of the environment, i.e., the statistical distribution functions and the polarization features of the incoming waves. Analysis and results are presented in the following sections.
Mean Effective Gain
The Mean Effective Gain G e of an antenna operating in a multipath environment is an index showing the capability of the antenna to catch the power P rec of a signal following a random route, with respect to the total power P V + P H , namely of the vertically polarized signals P V , plus the power of horizontally P H polarized ones, and is defined as the ratio of these quantities G e = P rec /(P V + P H ). The analytical mathematical formula for G e , which includes both the antenna features of operation and the profile of the incident signals in the real communication environment, is that of Eq. (3) [35] .
are the θ and φ components of the gain of the dipole array in front of the EBG; P θ (θ, ϕ) and P φ (θ, ϕ) are respectively the θ and φ components of the angular density functions of the incoming plane waves; XPR is the cross-polarization power ratio and equals to P V /P H .
The results for MEG of the scheme of Fig. 2 ( Table 1) It is concluded that the dipole-EBG scheme exhibits levels of MEG higher than that of dipole-PEC, especially at the most usual angles of wave incidence. 
Dual Dipole-EBG Array
The potential to the hybrid radiating unit being used as element in a MIMO array is investigated by estimating the two basic indices MEG and correlation coefficient of a dual-unit hybrid array as shown in Fig. 7(a) . One of the units is rotated with respect to the other by 90 deg. So each dipole along with its EBG unit cell is perpendicular to the other, and their electromagnetic coupling is reduced. This reduction is further enhanced by the presence of the non-uniform EBG unit cells. The results in Fig. 7(b) are about the scattering coefficient of the signal at the input of each dipole and show that both elements hold their multi-frequency operation at the same frequencies. The Mean Effective Gain is calculated as previously, while the correlation coefficient [35] is approximately calculated by the formula ρe; |Rij| 2 (σ 2 i σ 2 j ) (−1) , and it is the formula of Section 3.3, at the fifth line above Fig. 7 , where R ij is the cross-covariance of the voltages induced at the input of the ith and jth elements of the array, calculated by the formula
are the standard deviations of the complex envelopes of the ith and jth elements of the antenna array, calculated (a) (b) Figure 8 . (a) MEG of both dipoles of the scheme of Fig. 7(a) at the three frequency bands and (b) respective results for the dipoles in front of PEC.
The variation of MEG, of the double-unit structure of Fig. 7(a) , versus the angle of incident waves and for various values of XPR is presented in Fig. 8(a) . For comparison, respective results for two perpendicular λ/2 dipoles positioned similarly to those of Fig. 7(a) but at a distance λ/4 from a PEC surface are depicted in Fig. 8(b) . It is shown again that MEG values of the dipole-EBG scheme are satisfactory, larger than those of the dipole-PEC antenna. The correlation coefficient, of the double-unit structure of Fig. 7(a) , versus the angle of incident waves and for various values of XPR, is presented in Fig. 9(a) , and the respective results of the dipoles in front of PEC are depicted in Fig. 9(b) . It is more than obvious that not only the level of correlation of the hybrid array, dipoles-EBG, is much lower than that of the array in front of the PEC, but also these values in all cases are smaller than 0.1. 
CONCLUSION
In the present work, a theoretical analysis of the multiband performance of EBG lattices with nonidentical cells is carried out, and the possibility of this type of lattices to drive simple antennas, as the wire dipoles, at multiband operation, when positioned in close proximity to them is investigated. It is proved to be feasible and has a new capability of EBGs added to their other, already known, ones. The dipoles have, besides their basic mode of operation coming from their length, higher order resonances which are not excited when they are alone or positioned in front of PEC. This performance is proved via results received for all three types of schemes. The deigned hybrid structure dipole-nonuniform EBG has three bands of operation, with a gain greater than 5 dB and up to 9.6 dB depending on the band. Extensive study is also carried out for indices as MEG and correlation coefficient between the input signals of the dipoles with respect to the mean angle of the impinging waves and their statistical distribution around it, as well as their XPR ratio. The radiator is proved robust giving correlation coefficient values much lower than 0.1 and satisfactory high MEG values, especially when the waves come from the broadside area of the structure. Respective results, received for the classical scheme dipole-PEC, show the definite superiority of the designed hybrid radiator which consequently can be used either as stationary or mobile radiating unit.
